A substantial genetic contribution underlies variation in baseline peripheral blood counts. We performed quantitative trait locus/loci analyses to identify chromosome regions harboring genes influencing red cell hemoglobin concentration using the cell hemoglobin concentration mean (CHCM), a directly measured parameter analogous to the mean cell hemoglobin concentration. Fourteen significant loci (gene symbols Chcmq1-Chcmq14) were detected. Seven of these influenced CHCM in a sex-specific fashion, and 2 showed significant interactive effects (epistasis). For quantitative trait locus/ loci detected in multiple crosses, confidence intervals were narrowed using statistical and bioinformatic approaches. Two strong candidate genes emerged and were further analyzed: adult ␤-globin (Hbb) for 
Introduction
A substantial genetic component underlies common peripheral blood traits including hemoglobin (Hb), hematocrit, and red cell indices. 1 Quantitative trait locus/loci (QTL) studies in mice and genome-wide association studies (GWAS) in human populations have identified an ever-growing list of genomic loci and candidate genes influencing variation in these and other blood traits. [2] [3] [4] Baseline peripheral blood traits are significant risk factors for complex human diseases with considerable morbidity and mortality. Hb levels are associated with increased all-cause mortality, especially in the elderly, 5 which is particularly significant in light of the high rate of anemia in older adults. 6 Total Hb is also a risk factor for sickle cell disease severity; high levels increase the risk of pain crises and acute chest syndrome, and low levels increase stroke risk. 7, 8 Despite the success in identifying polymorphisms associated with human disease phenotypes by GWAS, the fact remains that these polymorphisms account for a small fraction of the total variance in disease phenotypes. 9, 10 Studies in animal models can be invaluable tools in identifying genetic factors contributing to phenotypic variance. We are using inbred mouse strains as an unbiased approach to identify QTL underlying baseline blood traits. Here, we report our findings for the cell hemoglobin concentration mean, or CHCM. We used CHCM as the quantitative trait in our analyses because it was a much more robust measure than total Hb concentration, mean cell hemoglobin (MCH), or mean cell hemoglobin concentration (MCHC) in terms of the number of QTL identified, although some pleiotropy was observed. The cell hemoglobin concentration is directly measured in picograms per cell using the Advia 120 blood analyzer (Bayer Diagnostics); the CHCM is the mean of the distribution curve.
Our analyses of 12 mouse crosses reveal considerable complexity underlying variability in red cell Hb concentration. Fourteen distinct loci significantly associate with CHCM; 7 influence CHCM in a sex-specific fashion, and 2 show a significant interaction (epistasis). By convention, significant loci are named; we designated the loci Chcmq1-Chcmq14 (CHCM quantitative locus 1 through locus 14) . Using statistical and bioinformatic methods, we significantly narrowed the 95% confidence intervals (CIs) for our most significant loci and identified candidate genes. The 2 most compelling candidates identified were the transferrin gene (Trf) for Chcmq2 on mouse chromosome (Chr) 9 and the gene encoding adult ␤-globin, Hbb, for Chcmq3 on Chr 7. Subsequent analyses provide strong evidence that the adult ␤-globin gene underlies Chcmq3. However, studies performed to date do not provide clear evidence that Trf is the quantitative trait gene for Chcmq2; hence, further analysis is required.
Methods

Animals
Mice from The Jackson Laboratory were housed in humidity-and temperature-controlled rooms (12-hour light cycle) with free access to acidified water and food (NIH 5K52). The Jackson Laboratory Animal Care and Use Committee approved all protocols.
Crosses
As part of an ongoing project to identify QTL underlying baseline hematopoietic traits, multiple crosses were established (Table 1 ). Four have been described in part previously: NZxSM and KSxSM, 3 Bx129S1, 11 and BxCB. 12 Phenotyping EDTA (ethylenediaminetetraacetic acid)-anticoagulated whole blood was obtained from cross progeny (8 weeks of age) via the retro-orbital sinus as described, 13 with the exception of BxWSB progeny, where 20 L of EDTA-anticoagulated whole blood were obtained via the retro-orbital sinus and mixed with 180 L of 5% bovine serum albumin in phosphate-buffered saline before analysis using an Advia120 Multispecies Hematology Analyzer (Bayer Diagnostics).
DNA isolation and genotyping
Tail DNA was isolated by phenol-chloroform extraction using standard techniques. For Bx129S1 progeny, genotyping was performed using a single-nucleotide polymorphism (SNP) array, described previously. 11 MRxSM progeny were genotyped by the High Throughput Sequenom and Illumina Genotyping facility (http://www.hpcgg.org/) using a 760-SNP array. Progeny from the NZxSM, KSxSM, and BxWSB crosses were genotyped using anonymous DNA simple sequence length polymorphic markers and/or SNPs, as described. 3, 14 For all other crosses, SNP genotyping was performed by KBiosciences (http://www.kbioscience.co.uk/). Markers genotyped in each cross are available upon request. The total number of markers genotyped per cross is given in Table 1 .
QTL analysis
QTL mapping for CHCM was performed using R/qtl v1.07-12 (http:// www.rqtl.org). 15 Genetic map positions of all markers were updated to the new mouse genetic map using online mouse map converter tool at http://cgd.jax.org. 16 The new map resolves inconsistencies between the physical and genetic maps. Phenotypic data were transformed to approximate the normal distribution. 17, 18 Results for each cross were analyzed using a 3-step approach, as described. 11, 19 First, genome-wide scans with sex as an additive covariate were performed to detect single loci associated with CHCM (main effect QTL). Single-locus scans that included sex as an interactive covariate were also performed to identify sex-specific QTL. 11 The difference in the logarithm of the odds ratio (LOD) scores (⌬LOD) between these 2 scans is a test for sex-specific effects; a ⌬LOD Ͼ 2.0 indicates significant QTL-by-sex interactions. 20 Significance thresholds were determined by permutation testing (1000 permutations). 21 LOD scores Ն the 95th percentile (P Ͻ .05) of the permutation distribution were considered significant; scores meeting or exceeding the 37th percentile (P Ͻ .63) were considered suggestive. 22 QTL CIs were determined by the posterior probability, as described. 19 In part 2 of the analysis, simultaneous pair-wise scans to detect additive and epistatic effects were performed. Third, to determine the combined effects of all QTL detected, multiple regression analysis was performed. The analysis included all significant and suggestive QTL and interactions. Terms that failed to meet significance levels (P Ͻ .01) were eliminated one by one until all remaining QTL were significant, resulting in the final model for each cross.
Narrowing QTL CIs: combining crosses and interval-specific haplotyping
To narrow the CIs for overlapping QTL identified on Chr 2, 6, 7, and 9 in 2 or more crosses, data were combined and analyzed as described. 23 QTL CIs were further narrowed using interval-specific haplotype analysis as described, 24 which assumes that the sequence change underlying QTL results from ancestral polymorphisms. Regions of the genome that are identical by descent between the parental strains are removed, as they are unlikely to contain ancestral polymorphisms. This is usually a safe assumption, as 97% of the variation between inbred mouse strains is ancestral. 25 The assumption is further strengthened when the QTL is found in multiple crosses involving different parental strains. The region(s) of the CIs most likely containing the causal mutation is further honed by identifying regions where the strains contributing the high allele increasing the trait value share a haplotype that differs from the shared haplotype of low allele-contributing strains. This process was performed using the Center for Genome Dynamics "Mouse Strain Comparison" tool (http://cgd.jax.org/) with the imputed diversity array 166 strain SNP panel option. Gene lists were obtained from Mouse Genome Informatics (MGI; http://www.informatics.jax.org/).
HAM
Haplotype association mapping (HAM) was performed as described. 26 Briefly, we first applied a Hidden Markov Model (HMM) to restore missing genotypes and to infer haplotype simultaneously using a panel of 63 222 SNP loci for 57 inbred strains. Our HMM algorithm has been described in detail previously. 27 Inferred haplotype block sizes range from a single SNP to 10 or more SNPs. Second, we systematically scanned the genome to calculate analysis of variance F statistics for each potential haplotype-phenotype association. A family-wise error rate model is used to set significance level at ␣ of 0.05 level adjusted for multiple testing.
Real-time qPCR
Details meeting minimal information for publication of real-time qPCR experiments (MIQE) 28 are provided to facilitate interpretation, accuracy, and reproducibility of results. RNA extraction: adult (8-12 weeks) bone marrow, spleen, and liver RNA was extracted using the TRIzol reagent lysis method of the PureLink RNA Mini kit (Invitrogen). Samples were further purified with PureLink DNAse. Samples were assessed for integrity and concentration using the Agilent Bioanalyzer (Agilent Technologies) and Nanodrop (NanoDrop Technologies), respectively. RNA integrity numbers (RIN) were between 9.0 and 10.0. Samples were stored at Ϫ80°C. Reverse-transcription: Total RNA (1 g) was reverse-transcribed in a 20-L reaction using RETROscript random decamers (Ambion) and SuperScript II (Invitrogen) according to the manufacturer's directions. Reactions for each sample were performed in triplicate on an MJ Research PTC 200 Peltier thermal cycler. The 3 reactions were pooled and tested for inhibitors using both dilution curve and SPUD assay methods. 29 qPCR: reactions were performed on 3 biologic samples per mouse strain using POWER SYBR Green (Applied Biosystems) master mix with 5 L of 1:1000 dilution of cDNA obtained from RT reactions, and 1-L primer pairs in 20-L reactions. Primer pairs (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article) were designed and provided by PrimerDesign Ltd (http:// www.primerdesign.co.uk). A single peak was observed in the melt curve for each primer set indicating desired primer specificity. Each biologic sample was run in triplicate for each primer set on an AB Prism 7900HT Gene For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From Detection System (Applied Biosystems). Cycle conditions consisted of 50°C for 2 minutes and 95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Each sample and primer pair was tested with a no template control (NTC) and a no reverse transcriptase control (NRT). We are using the C q (quantification cycle) value in place of C T , according to MIQE guidelines. 28 In spleen RNA, the NTC and NRT C q s ranged from 8.5 to 23.6 cycles, and 7.7 to 23.6 cycles, respectively, beyond that of the samples (supplemental Table 2 ). Similar results were obtained for all other analyses (not shown). Data analysis: fluorescence data were collected by AB 7900HT v2.3 Sequence Detection System software (Applied Biosystems). Rn (normalized reporter signal) values were exported to LinRegPCR software (v11.3 March 2009) for baseline and C q determinations and to obtain amplicon group reaction efficiencies. 30 C q s and reaction efficiencies were exported to qBasePlus (v 1.4) to obtain relative normalized quantity (RQN) values. 31 Three reference genes, Actb, ␤2m, and Gapdh were run initially. Gapdh proved unstable and was eliminated from the study.
Sequencing
Amplification and resequencing of rs52263982 were performed using primers complimentary to flanking sequences provided by dbSNP (http://www.ncbi.nlm. nih.gov/SNP): forward 5Ј-TCTCTGTAACACAGTGGGGTTTTCT-3Ј, reverse 5Ј-TCCCATTCCTGGTCCTGGCATTCCC-3Ј.Amplification products were purified (AMPure; Agencourt Biosciences) and sequenced using the automated dye termination technique (ABI Prism Model 3700 genetic analyzer; Applied Table 1 . Horizontal dashed lines on each panel represent significant (P ϭ .05, top line) and suggestive (P ϭ .63, bottom line) LOD scores as determined by 1000 permutations. For C3xD, the single dashed line represents the suggestive level, as no significant QTL were identified in this cross. x-axis, chromosomes 1 through X with the relative spacing representative of the relative length of each chromosome and marker locations shown by tick marks. y-axis, LOD score.
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Statistical analysis for allele effects
Between-group comparisons were analyzed by Tukey HSD using JMP Version 7.0 software (SAS Institute).
Results
Identification of QTL for CHCM
In genome-wide scans to detect main effect QTL, multiple significant and suggestive QTL were identified ( Figure 1 ). Details of QTL identified including peak location, CI, LOD score, nearest marker, the strain contributing the allele that increases the trait value (high allele), and homologous regions in the human genome are given in Table 2 .
Two significant QTL, Chcmq1 (CHCM quantitative locus 1) on Chr 2 and Chcmq2 on Chr 9, were identified previously in the KSxSM cross 3 and confirmed in new crosses included in this study. In addition, 3 new significant QTL were identified: Chcmq3 on Chr 7, Chcmq4 on Chr 11, and Chcmq5 on Chr 6. The shapes of the LOD curves ( Figure 1 ) on Chr 9 (most evident in crosses AxB and KSxSM) and Chr 11 (NZxSM) suggest that 2 closely linked QTL may be present on these chromosomes. To test this possibility, we determined the ⌬LOD score between 1-and 2-QTL models; LOD scores are not given for sex-specific QTL, which are identified by the difference in LOD scores between sex-additive and sex-interactive scans (see "Methods"). LOD scores and 95% CIs are not given for QTL that interact significantly but by themselves are not significant. *QTL names are given for the cross in which each was first identified. Loci on the same chromosome identified in subsequent crosses may or may not be the same QTL (see text).
†Megabase ( For personal use only. on April 14, 2017. by guest www.bloodjournal.org From evidence for a 2-QTL model (⌬LOD Ն 2) was not found in any case. Similar model fitting in cross CByxC3, where the double peak on Chr 6 probably results from the known paracentric inversion on Chr 6 in strain C3, 32 also failed to provide evidence for more than one QTL.
We also identified 7 significant QTL showing sex-specific effects in sex-interactive genome-wide scans (⌬LOD Ͼ 2 in the interactive versus additive scans): Chcmq6 (Chr 12), Chcmq7 (Chr 18), Chcmq8 (Chr 11), Chcmq9 (Chr 9 @ 69.6 Mb), Chcmq10 (Chr 8 @ 16.8 Mb), Chcmq11 (Chr 9 @ 59.3 Mb), and Chcmq12 (Chr 8 @ 64.9 Mb; Table 2 ). Two of these QTL show significant effects in females only-Chcmq7 on Chr 18 and Chcmq8 on Chr 11 ( Figure  2A-B) . Chcmq11 and Chcmq12 show significant effects in males only ( Figure 2C-D) . Chcmq6, Chcmq9, and Chcmq10 show effects in both sexes but they differ substantially. At Chcmq6, opposing allele effects are seen in males versus females homozygous for both C3 and D alleles ( Figure 2E ). At Chcmq9, homozygosity for the KS allele in males significantly decreases the CHCM compared with both heterozygous males and males homozygous for the SM allele ( Figure 2F ). In females, heterozygotes show the highest CHCM ( Figure 2F ). At Chcmq10, homozygosity for MR alleles reduces CHCM in females and increases it in males ( Figure 2G ).
In single-locus scans with sex as an additive covariate, a single significant QTL with a peak at 104.0 Mb was identified on Chr 9 in cross CByx129S1 ( Figure 1 and Table 2 ). However, a second QTL, Chcmq11, was also detected on Chr 9 in CByx129S1 in the sex-interactive scan as a "shoulder" peak distinct from Chcmq2 that met the criteria for significance as a sex-specific QTL ( Figure 2H ).
Pairwise genome scans detected 2 additional QTL in cross 129S1xA that showed significant epistatic interactions, Chcmq13 (Chr 8) and Chcmq14 (Chr 14; Table 2 ). When Chcmq14 is homozygous for the A allele, no significant differences are seen between the 3 possible Chcmq13 genotypes (Figure 2I first panel) . However, when Chcmq14 is heterozygous for A and 129S1 alleles, homozygosity for the A allele at Chcmq13 significantly reduces the CHCM versus either Chcmq13 heterozygotes (P ϭ .0005) or 129S1 homozygotes (P ϭ .0013), which do not differ from each other (P ϭ .8425) ( Figure 2I second panel) . Most notably, the highest CHCM is found in 129S1 double homozygotes. When Chcmq14 is homozygous 129S1, Chcmq13 heterozygous and AA genotypes are not significantly different from each other (P ϭ .0581), but 129S1 homozygosity significantly increases CHCM over 129S1 heterozygotes (P ϭ .0007; Figure 2I third panel).
For each cross, we performed regression analysis to establish the relative contribution of all significant, suggestive, and interacting loci together. Not all QTL identified in single-locus scans meet these criteria and remain in the final model (Table 3) . Clearly, multiple loci influence baseline CHCM levels. In addition to the QTL listed in Table 3 , sex contributes significantly to the total variance in all but one cross (BxWSB). The total CHCM variance explained ranges from 11.7% (cross BxD) to as high as 61.3% (Bx129S1).
Narrowing QTL intervals using combined cross analysis QTL on Chr 2, 6, 7, and 9 were detected in multiple crosses (Table  2 ). In the statistical method of combined cross-analysis (CCA), data from multiple crosses are combined into a single, large dataset by recoding all genotypic data to a phenotype-based code, as determined by allele effects, and reanalyzing in R/qtl, as described. 23 CCA assumes that loci detected on the same Chr represent the same QTL. If so, CCA increases the statistical power by increasing the numbers of F2 progeny and markers analyzed. If the assumption that overlapping QTL identified in 2 or more crosses is invalid, CCA often resolves linked peaks into distinct QTL.
Four crosses were combined for Chcmq1 on Chr 2-Bx129S1, C3xD, KSxSM, and MRxSM (Table 4) . NZxSM was excluded due to conflicting SM allele effects with cross KSxSM; strain SM For personal use only. on April 14, 2017. by guest www.bloodjournal.org From contributes the high allele in NZxSM, but the low allele in KSxSM, suggesting that the 2 crosses detect distinct, closely linked Chr 2 QTL. We also suspected that a distinct QTL was detected in cross MRxSM based on its peak position, which is significantly proximal to the QTL peak positions on Chr 2 for the other crosses (Table 2) . Indeed, a distinct shoulder with a peak at 28.4 cM was resolved in the CCA ( Figure 3A) . The peak location of Chcmq1 on Chr 2 was refined to 58.2 cM with a CI of 52.4-62.2 cM in the CCA (Table 4) . Thus, the Chcmq1 CI was reduced to 31 Mb, a reduction of more than 50% compared with the smallest interval obtained in the individual crosses (68 Mb, Bx129S1).
CCA for Chr 9 revealed a single peak at 56.4 cM with a CI spanning from 52.4 to 60.4 cM ( Figure 3B and Table 4 ). For Chcmq3, we included all intercrosses in the CCA with the exception of cross Bx129S1 due to its inordinately large effect (LOD Ͼ 80; Table 2 ), which would skew all other cross data. Analysis of the remaining 5 intercrosses resolved a single peak at 54.9 cM with a CI spanning from 53.5 to 56.8 cM ( Figure 3C and Table 4 ). These coordinates are almost exactly the same as seen in the Bx129S1 cross alone, providing strong evidence for its position.
In the CCA of Chcmq5, we excluded crosses MRxSM, whose peak position is located at a significant distance from Chr 6 QTL detected in other crosses, and CByxC3 due to the inversion present on Chr 6 in strain C3H. We also excluded cross NZxSM due to inconsistent allele effects vs. cross KSxSM. As above, these observations suggest that more than one QTL is present in this region of Chr 6. Indeed, even when just the 2 remaining crosses were analyzed, the shape of the CCA QTL scan, showing several shoulders, indicated the presence of multiple, linked QTL peaks ( Figure 3D) . A suggestive peak at 1.8 cM, likely corresponding to the suggestive peak detected in cross MRxSM, was also resolved in the analysis ( Figure 3D and Table 4 ).
Narrowing QTL intervals by interval-specific haplotype analysis
We performed interval-specific haplotype analysis of Chcmq1 on Chr 2 using parental strains from the same crosses used in the CCA with the exception of MR and SM, which were excluded because cross MRxSM clearly detects a QTL distinct from Chcmq1 on Chr 2 (Tables 2 and 4 ). Using windows of 3 contiguous SNPs to define haplotypes, we identified regions of the genome within the Chcmq1 CCA interval (Table 4) that were shared by the high allele strains (B6, C3, and KS) and differed from the shared haplotype of the low allele strains (129S1, D, and SM). This analysis narrowed the chromosomal interval most likely to contain the Chcmq1 QTL gene to 0.34 Mb of noncontiguous sequence, which includes 23 known or predicted genes ( Figure 4 and gene list in supplemental Table 3 ). It is noteworthy that no microRNAs are contained within the Chcmq1 or any other CHCM QTL interval, according to MGI. By a similar analysis, the Chcmq2 interval on Chr 9 was reduced to 1.2 Mb (33 genes; Figure 4 and supplemental Table 4 ). Notably, the transferrin gene (Trf), a strong candidate gene, is located at 103.11 Mb on Chr 9, very near the CCA QTL peak for Chcmq2 (Table 4) .
In addition to the strains from the CCA (Table 4) , we included parental strains from crosses Bx129S1 and BxWSB (Table 2) in the interval-specific haplotype analysis for Chcmq3. The analysis reduced the genomic region containing Chcmq3 to 0.42 Mb ( Figure  4 ) containing 35 genes (supplemental Table 5 ). Of these, 16 were olfactory receptor genes. Notably, the interval contains the hemoglobin cluster including duplicated adult ␤-globin genes.
For Chcmq5 on Chr 6, interval specific haplotyping with just 4 parental strains (including 2 closely related strains, B6 and KS) For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From from 2 crosses substantially reduced the QTL interval, to 1.6 Mb versus 28 Mb that remained after CCA (Figure 4 and Table 4 ). The reduced interval contains just 11 genes (supplemental Table 6 ).
HAM
HAM in inbred mouse strains is analogous to GWAS in human populations. HAM is fraught with false positives but when used in combination with experimental crosses is a powerful tool to narrow QTL intervals. 33, 34 We used CHCM data from male (28 strains) and female (30 strains) mice at age 12 months that were available through the Jackson Aging Center (http://agingmice.jax.org/) 35 to perform HAM analysis.
Multiple suggestive HAM peaks were detected ( Figure 4B ). Table 4 includes HAM peaks common to haplotype blocks identified by interval-specific haplotyping. The peak interval size includes an additional 500 kb on each side, as has been recommended to account for lack of precision inherent to both HAM and GWAS. 33 Although suggestive HAM peaks were obtained for Chcmq1 and Chcmq5, they do not coincide with regions identified by interval-specific haplotyping. Whether these HAM peaks are false positives or represent real loci cannot be ascertained without additional data. For Chcmq2, 17 genes are contained within the HAM peak interval (MGI) but only 5 are common with those within interval-specific haplotype blocks (supplemental Table 4 ). Of these, transferrin is the strongest candidate gene.
For Chcmq3, 143 genes, including many olfactory receptor genes, are contained within the HAM peak, but only 26, of which 12 are olfactory receptor genes, overlap with haplotype blocks (supplemental Table 5 ). The interval includes the 4 genes of the ␤-globin cluster: adult ␤-globins Hbb-b1 and Hbb-b2, and embryonic globins Hbb-bh1 and Hbb-␥ (⑀Y). As our QTL analysis was done using adult mice, adult ␤-globin is the most likely candidate gene.
Further analysis of Chcmq3
In mice, polymorphic differences in duplicated ␤-globin genes produce the classical "single" and "diffuse" hemoglobin electrophoretic variants, Hbb s and Hbb d , respectively. In single strains, the 2 loci, designated ␤ S and ␤ T , are identical at the amino acid level; in diffuse strains, the duplicated loci, ␤ dmajor and ␤ dminor , produce 2 polypeptides differing by 9 amino acids. 36 As the reference sequence strain is B6, a single Hb strain, the gene symbols Hbb-b1 and Hbb-b2 are the duplicated B S and ␤ T loci.
All 7 high allele strains from the crosses that detect Chcmq3 are diffuse variants, while the 2 strains contributing the low alleles are single variants. The high allele strains carry an extended haplotype at the ␤-globin locus that differs from the extended haplotype shared by the 2 low strains ( Figure 5A ). The only exception is one SNP difference in strain WSB, not unexpected given that WSB is a recently inbred wild-derived strain. One SNP, rs52263982, was typed as a guanine in strains 129S1 and D (MPD: source Perlegen 2). Resequencing, however, confirmed that rs52263982 is really a cytosine in both strains ( Figure 5B ).
In the congenic strain C.B6-Tyr ϩ Hbb s /J, the Hbb s and tyrosinase loci from C57BL/6J mice were transferred to the BALBc/By genetic background; BALBc/By is a hemoglobin diffuse (Hbb d ) strain. Notably, a significant reduction in CHCM (P Ͻ .001) is seen in strain C.B6-Tyr ϩ Hbb s /J versus BALB/cByJ (Table 5) . Thus, replacing the diffuse hemoglobin locus with the single locus in an *Only peaks within the interval common to CCA and interval-specific haplotyping are listed. The peak Mb intervals given include more than one suggestive peak, but addition of 500 kb on either side results in a single overlapping interval. For personal use only. on April 14, 2017. by guest www.bloodjournal.org From otherwise genetically identical background reduces CHCM. Furthermore, in crosses where we failed to detect Chcmq3, the parental strains were of the same ␤-globin haplotype, meaning they were either both diffuse or both single. This is added evidence that ␤-globin is the Chcmq3 gene, because in the absence of allelic variation one could not expect to detect QTL.
Finally, qPCR using a primer that exactly matched sequences common to ␤ S , ␤ T , ␤ dmajor , and ␤ dminor reveals higher relative expression in most high allele Hbb d strains versus low allele Hbb s strains ( Figure 6A-B) , suggesting that expression differences account for some of the Chcmq3 variance.
Further analysis of Chcmq2
No such extended haplotype structure defining high versus low allele strains is evident at the Trf locus, although 2 small SNP blocks are seen upstream of Trf (supplemental Figure 1) . High allele strains express Trf at lower rather than higher levels than do low allele strains in the bone marrow ( Figure 6C ), while no significant Trf expression differences are seen in the spleen (not shown). In the liver, the major site of transferrin synthesis, high allele strains from 3 of the crosses showed increased expression ( Figure 6D) .
Moreover, the Trf gene shows a cis-eQTL in the livers from a BxA cross, which is one of the crosses that contributes to this QTL (unpublished microarray data publically available at http:// cgd.jax.org/datasets/expression.shtml). In cross CByx129S1, however, the high allele strain (CBy) showed decreased Trf expression. Thus, the data are conflicting; 3 of the 4 crosses show that Trf is the likely candidate gene, but the fourth cross does not support that hypothesis. Further work will be necessary to resolve this issue.
Discussion
Using a QTL analysis approach, we have identified multiple sex-independent and sex-dependent loci influencing baseline CHCM in mice, underscoring enormous complexity in the genetic regulation of baseline cell Hb concentration. We chose CHCM as our trait because it is a direct, per cell measure of Hb. Perhaps not unexpectedly, other erythroid traits used in our studies (Hb, MCH, MCHC, hematocrit, red cell count) demonstrate overlap of loci detected (data not shown), as recently noted for human erythroid traits as well. 37 The identification of genetic loci influencing cell Hb is a critical first step in elucidating novel or previously unsuspected pathways that may modify clinical disease severity in the hemoglobinopathies and anemia of aging.
Our strongest QTL in terms of LOD score was Chcmq3 on Chr 7. All statistical and bioinformatics methods used reduced the Chcmq3 interval to one that includes the ␤-globin locus. In mice, duplicated ␤-globin genes are maintained in natural populations by balancing selection. 38, 39 Several studies suggest possible functional mechanisms that prevent evolutionary divergence of ␤-globin polypeptides and thus allow their maintenance, including an overall fitness advantage of Hbb d homozygotes as a result of higher Hb concentration 40 leading to increased cold-adaptation responses 39 and increased availability of reduced glutathione for detoxification. 41 The identification of the adult ␤-globin locus as the quantitative trait gene for Chcmq3 is supported by several criteria established by the Complex Trait Consortium. 42 High and low allele parental strains in multiple crosses detecting Chcmq3 segregate 100% with the known ancestral haplotype blocks, Hbb d and Hbb s , respectively. 36 In crosses in which both parents were Hbb d or Hbb s , Chcmq3 was not detected, and a significant reduction in CHCM is seen in the congenic strain, C.B6-Tyr ϩ Hbb s /J, compared with BALB/cBy.
Examination of the Mouse Phenome Database (www.jax.org/ phenome) reveals that, in general, MCHC/CHCM is high in Hbb d versus Hbb s strains (not shown), in line with earlier observations on overall Hb levels. 40 By qPCR, we show that total ␤-globin, regardless of the locus from which it derives, is highest in spleen and bone marrow of Hb diffuse parental strains in the majority of the crosses, in accordance with calculated allele effects. That this relationship was not absolute, however, suggests that expression differences alone do not account for the entire phenotypic effect. Coding differences between the 2 haplotypes likely influence CHCM as well, possibly via effects on red blood cell hydration Table 4.   e146 PETERS et al BLOOD, 16 DECEMBER 2010 ⅐ VOLUME 116, NUMBER 25 For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From status. Positively charged Hb S and Hb C are associated with dehydration via up-regulation of the KCl cotransporter. [43] [44] [45] Notably, diffuse Hb strains would be predicted to have increased positive charge relative to single strains because ␤ dminor has a net loss of 2 negative residues, resulting in a pI of 7.85 versus 7.13 in ␤ S/T and ␤ dmajor . Whether this translates into a corresponding increase in KCl cotransport activity awaits further study.
The haplotype blocks associated with high and low CHCM strains include the embryonic ␤h1 and ⑀Y genes and beyond. Indeed, the haplotype structure is maintained from bp 110956036-110053860 (Ensembl gene coordinates). Within this region, only minor variations (4 SNPs in total) in strain WSB are seen. Beyond this range, however, WSB shows significant SNP variation compared with the other 8 strains involved in crosses detecting Chcmq3, which eventually become essentially identical by descent (supplemental Table 7 ). Of the other genes in the Chcmq3 interval common to all analyses, Olfr66 is of interest in light of a recent study identifying a significant association of HbF with 2 olfactory receptor genes (OR51B5, OR51B6) just upstream of the ␤-globin cluster in humans. 46 Olfr66 lies upstream of the mouse ␤-globin cluster and contains a nonsynonymous coding SNP in single versus diffuse strains. In both humans and mice, the role of olfactory receptor genes in globin expression awaits further analysis.
The gene encoding transferrin, Trf, stands out as a strong candidate for Chcmq2 on Chr 9, falling within the final interval defined by CCA, interval-specific haplotyping, and HAM. However, supporting experimental evidence is unconvincing so far. Expression levels in adult tissues are conflicting (Figure 6 ), and no coding changes are seen in the parental strains according to the SNP databases. Still, Trf cannot be formally excluded as the QTL gene without further study, including studies in congenic strains and resequencing.
Candidate gene lists for the major loci identified are provided in supplemental Tables 3-6 . From these lists, the most compelling candidates for functional analysis can be gleaned by examining expression databases such as BioGPS (http://biogps.gnf.org) and identifying the phenotype of available mutant strains. All available classes of mutant strains (eg, spontaneous, targeted) for any gene are identified in MGI. For example, of the genes in the final Chcmq2 list (supplemental Table 4 ), some are restricted in expression to testis (4930519F24Rik, 4921517D21Rik), and others show no erythroid phenotype in knockout mouse strains (Nck1, Rab6b, Dag1, Arih2, Ip6k2, Slc26a6). Although a knockout cannot always be assumed to produce the same phenotype as a polymorphic variant, these genes would be considered less likely candidates for initial analysis. On the other hand, Stag1 (stromal antigen 1) is expressed in bone marrow and spleen (BioGPS) and is a high priority candidate.
A great deal of concordance exists for rodent and human QTL for many traits including high-density lipoprotein cholesterol, 47 kidney function, 26, 48 and bone density. 49 Emerging data suggest that such is also the case for erythroid traits. Recent, large-scale GWAS 4,37,50 reveal candidate genes for Hb, MCH, and MCHC, of which several fall into conserved regions of the mouse genome corresponding to QTL CIs identified in our study (Table 6) . Interestingly, however, we did not identify CHCM QTL corresponding to HBS1L-MYB or BCL11A, loci associated with several hematologic parameters in humans including MCHC and Hb F levels. 4 ,37,50 However, we detected several QTL potentially concordant with BCL11A using other red blood cell traits, as summarized in Table 7 . The laboratory mouse has significant power to narrow For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From candidate intervals and positionally clone underlying modifier loci. For many mapped human traits, experimental analysis in mouse models will be necessary to confirm the identity of the underlying causative genes and/or SNPs. Doing so will further our understanding of complex human disorders, opening up possibilities for new targeted therapies. (Table 2) . qPCR primers (supplemental Table 1 ) exactly matched sequences in ␤ S , ␤ T , ␤ dmajor , and ␤ dminor . Bone marrow (C) and liver (D) Trf expression in crosses in which Chcmq2 was detected. Because strain A was the high allele in 2 different crosses, the specific cross is indicated directly on the bar graph. *Expression in high and low allele strains differ significantly (P Յ .028). For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From edited the manuscript; M.S.L. and B.J.P. designed, generated, and genotyped cross MRxSM, and edited the manuscript; and J.A.S. and D.G. designed, generated, phenotyped, and genotyped cross BxWSB, analyzed data, and edited the manuscript.
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